Experimental data are presented for six concrete specimens subjected to displacement reversals. Two specimens were reinforced longitudinally with steel bars Grade 410 (60 ksi), two with Grade 670 (97 ksi), and two with Grade 830 (120 ksi). Other experimental variables included axial load (0 or 0.2 f c A g ) and volume fraction of hooked steel fibers (0 or 1.5%). All transverse reinforcement was Grade 410, and the nominal concrete compressive strength was 41 MPa (6 ksi). The loading protocol consisted of repeated cycles of increasing lateral displacement reversals (up to 5% drift) followed by a monotonic lateral push to failure. The test data indicate that replacing conventional Grade-410 longitudinal reinforcement with reduced amounts of Grade-670 or Grade-830 steel bars did not cause a decrease in usable deformation capacity nor a decrease in flexural strength. The evidence presented shows that the use of advanced high-strength steel as longitudinal reinforcement in frame members is a viable option for earthquake-resistant construction.
Introduction
For many years, the earthquake-resistant design of reinforced concrete structures in the USA has been dominated by the use of steel reinforcement with specified yield strength, f y , of 410 MPa (60 ksi). Although higher values of f y are allowed for non-seismic applications, f y has been limited to 550 MPa (80 ksi) since the 1971 edition of ACI 318 [1] . Current version of ACI 318 [2] maintains the above limits but allows designs with f y of 690 MPa (100 ksi) only if used for confining reinforcement.
The terms advanced high-strength steel (AHSS) [3] or ultrahigh strength steel (UHSS) [4] are used to designate high-performance steel bars with a yield strength in excess of 550 MPa (80 ksi) and a fracture strain, ε su , of 6% or more measured in a 203-mm (8-in.) gage length. Figure 1 shows representative stress-strain curves of both conventional Grade 410 and AHSS steels. After the introduction of ASTM A1035 in 2004 [5] and their acceptance as confining reinforcement in the 2005 version of ACI 318, there has been growing interest in AHSS bars. ASTM A706 [6] introduced its new Grade 550 in 2009 and it is likely that new ASTM designations with higher grades will follow. However, there is a paucity of test data describing the behavior of concrete members reinforced with AHSS bars as longitudinal reinforcement.
A series of experiments was designed to determine the deformation capacity of AHSS-reinforced concrete frame members subjected to displacement reversals [7, 8] . Specimens with high-performance fiber-reinforced concrete (HPFRC) were included. HPFRC is defined here as a class of fiber-reinforced concrete that shows strain hardening after first cracking [9] .
The use of high-strength steel bars as reinforcement in concrete elements has the potential to reduce problems associated with congested reinforcement cages and concrete placement, as well as reduce costs associated with the shipment and placement of reinforcing steel. The cost savings are nearly proportional to the increase in yield strength used in design.
Background
There is no evidence in the USA of reinforced concrete structures built or rehabilitated using AHSS longitudinal and transverse reinforcement and designed to take full advantage of f y in excess of 550 MPa (80 ksi) for stresses induced by combined shear, flexure, and axial forces. This underutilization is predominantly due to the shortage of experimental data and the limitations contained in existing building codes.
The use of high-strength reinforcement in concrete columns was first considered in the early 1930s by Richart and Brown [10] in a series of laboratory tests on columns with circular cross sections and spiral reinforcement. The column tests showed that longitudinal bars with yield strength close to 690 MPa (100 ksi) were fully effective in columns resisting concentric axial loads. The spiral reinforcement allowed the concrete in the core of the column to develop compressive strains large enough for the longitudinal reinforcement to reach its yield point.
Later, in the 1960s, the experimental work at the PCA laboratories [11] led to a series of reports titled "High-strength bars as concrete reinforcement." In Part 5 of the PCA series [12] , similar observations to those by Richart and Brown [10] were made for columns reinforced with spirals. But in the case of tied columns with rectangular sections, the PCA report noted: "If the specified yield point of longitudinal reinforcement in tied columns is to be developed at ultimate strength of the columns, then it is necessary that the yield point be reached at or before a strain of 0.003 in./in." [12] .
Todeschini et al. [13] confirmed the PCA findings. As a consequence, ACI 318-63 [14] introduced strength design provisions with limits on the specified yield strength of reinforcing bars. ACI 318-63 Section 1505 had a limit of 520 MPa (75 ksi) on the specified yield strength of compression reinforcement and 410 MPa (60 ksi) for tension reinforcement (unless special tests satisfied crack control requirements, in which case 520 MPa was permitted). The limits on the specified yield strength in Section 1505 of the 1963 Code were justified in the commentary [15] by stating: "High strength steels frequently have a strain at yield strength or yield point in excess of the 0.003 assumed for the concrete at ultimate. The requirements of Section 1505 are to adjust to this condition. The maximum stress in tension of 60,000 psi without test is to control cracking."
In 1971, ACI 318 [1] increased the limit on yield strength of reinforcement to 550 MPa (80 ksi). The limit in current USA design provisions [2] is still 550 MPa (80 ksi). Section 9.4 of ACI 318-11 [2] requires "The values of f y and f yt used in design calculations shall not exceed 80,000 psi, except for prestressing steel and for transverse reinforcement in 10.9.3 and 21.1.5.4." The exception only applies to transverse reinforcement used for confinement, where f yt up to 690 MPa (100 ksi) is allowed. For earthquake-resistant design, Section 21.1.5 of ACI 318-11 allows only longitudinal reinforcement with f y of 410 MPa (60 ksi) or lower.
If the use of AHSS bars as primary reinforcement is to be considered for practical use, the issues related to concrete compressive strain and crack control must be addressed. A method of addressing these issues is to add fibers to the concrete mix to control crack widths and to enhance the usable compressive strain of concrete. High tensile and compressive strain capacities are attainable by concrete reinforced with dispersed fibers. Recent developments in high-performance fiber-reinforced cementitious composites include new formulations of concrete matrices and fibers to achieve strain hardening behavior with fiber volume contents in the range of 1% to 2% [16] .
Studies on the compressive properties of cementitious composites have shown that the introduction of fibers into the matrix delays spalling of the cover and increases the load capacity and the ductility of columns over that of comparable reinforced concrete (RC) specimens [17] . Several research projects have explored the application of fiberreinforced composites in earthquake-resistant construction, as summarized by Parra-Montesinos [9] . Results from these studies revealed HPFRC to be effective in increasing shear strength and deformation capacity in members subjected to cycles of large inelastic deformations, but none of these studies incorporated AHSS reinforcement. The experiments presented below were designed to address this gap.
Experiments
A collaborative experimental program between The Pennsylvania State University and Purdue University was aimed at studying the behavior of AHSS-reinforced concrete frame members subjected to displacement reversals. Beam tests were conducted at Penn State by Tavallali [7] , and column tests were conducted at Purdue by Rautenberg [8] . The scope of this paper is limited to specimens defined by the following ranges of test variables: All transverse reinforcement was Grade 410 and the nominal compressive strength of concrete was 41 MPa (6 ksi). The layout of the longitudinal reinforcement was symmetrical with identical top and bottom layers. Table 1 shows a summary of the specimens considered.
The geometry of typical beam and column specimens is shown in Figure 2 . The specimens consisted of two beams (or columns) connected to a central stub. The specimens were loaded through the central stub so that they were in singlecurvature bending. Each beam (or column) was intended to represent a cantilever with the central stub acting as the base of the cantilever. The shear span-to-effective depth ratio for all specimens was 3. In the column specimens, the axial force was kept constant throughout the loading protocol.
The amount of longitudinal reinforcement in each specimen was chosen so that the nominal flexural strength of all specimens was nearly identical. Thus, specimen CC-3.3-20 with Grade-410 steel used about twice the amount of longitudinal reinforcement as used in specimens UC-1.6-20 and UC-1.6-20F with Grade-830 steel. A similar relationship exists between specimens CC4-X, UC4-X, and UC2-F. The shear stress corresponding to the probable moment, M pr , calculated according to ACI 318-11 [2] was approximately 0.42 f c , MPa (5 f c , psi) for the beams and 0.58 f c , MPa (7 f c , psi) for the columns. The longitudinal bars were all continuous through the central stub and had sufficient embedment length to develop 1.25 f y at the faces of the stub. The embedment lengths satisfy the requirements for development lengths in Chapter 12 of ACI 318-11.
HPFRC specimens UC2-F and CC-1.6-20F had 1.5% volume fraction of Dramix RC-80/30-BP hooked steel fibers, with length-to-diameter ratio of 80 and a length of 30 mm (1.2 in.). The fibers had a nominal tensile strength of 2300 MPa (330 ksi). These fibers are commercially available and manufactured by Bekaert Corporation. The maximum aggregate size in the concrete matrix of specimens CC4-X, UC4-X, UC2-F, and UC-1.6-20F, was limited to 13 mm (0.5 in.), less than half the fiber length. Maximum aggregate size for specimens CC-3.3-20 and UC-1.6-20 was 25 mm (1 in.).
Specimens CC4-X, UC4-X, CC-3.3-20, and UC-1.6-20, without fibers, used Grade-410 transverse reinforcement spaced at d/4, in compliance with Chapter 21 of ACI 318-11 [2] . Specimens UC2-F and UC-1.6-20F, cast using HPFRC, used Grade-410 transverse reinforcement spaced at approximately d/2. The spacing in the HPFRC specimens was increased to account for the enhanced shear strength and confinement provided by fibers.
The drift ratio history applied to each specimen follows the protocol of FEMA 461 [18] described in Table 2 . The drift ratio was defined as the lateral displacement of the specimen divided by the shear span, corrected for the rotation of the loading stub. Two cycles at each drift target were applied to the stub at increasing amplitudes. After step 12, the displacement was increased monotonically until failure (defined here as a reduction in the lateral-load resistance of more than 25% from the peak value).
Measured Response
The measured data for shear versus drift ratio of the controlling end of the specimens (north or south) are presented for the 12 steps (24 cycles) of the loading protocol. Step a Beams are shown in Figure 3 and columns in Figure 4 . The figures do not include the data associated with the monotonic push to failure (after step 12 in Table 2 ). The maximum measured shears and drift ratios are presented in Table 3 .
Beam Specimens.
Specimen CC4-X is the control RC beam specimen compliant with the provisions for special moment frame beams in Chapter 21 of ACI 318-11 [2] . All reinforcing bars were Grade 410, see Table 1 . The widths of flexural cracks exceeded 0.4 mm (0.016 in.) at a drift ratio of 0.8%. First yield of the longitudinal reinforcement was measured between 0.76% and 1.17% with a mean of 0.97% (Table 4 ). The peak shear force of 242 kN (54.4 kip) was reached during the final push at a drift ratio in excess of 10%, an indication of a stable hysteretic behavior throughout the test, see Figure 3 (a). Specimen UC4-X had similar properties to specimen CC4-X with the exception that it was reinforced longitudinally with Grade-670 bars, see Table 1 . Compared with specimen CC4-X, specimen UC4-X showed a reduced postcracking stiffness and increased yield deformation, see Figures 3(a) and 3(b). Due to the reduced amount of longitudinal reinforcement in specimen UC4-X, a smaller drift ratio (0.6%) was associated with crack widths exceeding 0.4 mm (0.016 in.), as opposed to 0.8% in specimen CC4-X. First yield of the longitudinal reinforcement occurred between 1.36% and 1.68% with a mean of 1.49% (Table 4) . The peak shear force of 234 kN (52.5 kip) was reached at a drift ratio of 2.6%. During the final push, the peak shear was 215 kN (48.3 kip) at a drift ratio of 7.1%. Specimen UC4-X exceeded 10% drift without failure. Specimen UC2-F had similar properties to specimen UC4-X except that it was cast using HPFRC. Spacing of the transverse reinforcement was increased to d/2 to investigate the effects of fibers. Crack widths exceeded 0.4 mm (0.016 in.) at a drift ratio of 1%, a significant improvement compared to the other beam specimens. The drift ratio at first yield of the longitudinal reinforcement varied between 1.19% and 1.37% with a mean of 1.28% (Table 4 ). The south beam deviated from the loading protocol at the first cycle of step 9 because the north beam was controlling through step 8, see Figure 3 (c). During the first cycle of step 9, the specimen reached a peak shear force of 273 kN (61.4 kip). During the final push, the peak shear was 223 kN (50.2 kip) at a drift ratio of 6.3%. Specimen UC2-F exceeded 10% drift without failure.
The reduction of transverse reinforcement by 50% in specimen UC2-F did not have a negative impact on its behavior. HPFRC was effective in enhancing the shear capacity and confinement. However, crack openings concentrated in a single flexural crack near the face of the stub at drift ratios exceeding 3%. The presence of this wide flexural crack resulted in the accumulation of residual strains in longitudinal bars crossing the crack. Figures 5 and 6 show specimens UC4-X and UC2-F at the end of the second cycle at 5% drift (end of step 12). Figures 7 and 8 show the strain measurements in the longitudinal bars of these specimens at face of the central stub during steps 10 and 11. The strain values measured at the same location for the same drift ratios are Table 1 . c Maximum drift ratio reached while maintaining a shear force not less than 75% of V max in the same direction of loading. Maximum reported value includes the drift ratio attained during the final monotonic push in the positive direction. approximately 50% larger in specimen UC2-F, an indication of higher strain concentration in the plastic hinge of the HPFRC specimen. As a result of strain accumulation, the longitudinal bars fractured at 11% drift in specimen UC2-F, while similar bars in specimen UC4-X fractured at a drift ratio of 15%. In any case, the beam specimens all reached drift ratios well in excess of what would be expected for a modern building structure subjected to strong ground motion.
Column
Specimens. Specimen CC-3.3-20 is the control RC column specimen compliant with the provisions for special moment frame columns in Chapter 21 of ACI 318-11 [2] . All reinforcing bars were Grade 410, see Table 1 . First yield of the longitudinal reinforcement was measured between 0.67% and 0.85% with a mean of 0.78% (Table 4 ). Figure 4 (a) shows the measured shear-drift response. The north column followed the loading protocol (Table 2 ) through the first cycle of step 12. During the second cycle to 5% drift, the longitudinal bars buckled at a drift ratio of about 1%. A plausible explanation for the failure of the specimen is that cracks on both sides of the specimen were still open at low drift ratios, and the axial load was carried predominantly by the longitudinal reinforcement, leading to bar buckling. Specimen UC-1.6-20 had similar properties to specimen CC-3.3-20 with the exception that it was reinforced longitudinally with Grade-830 bars using about half as much longitudinal reinforcement. Figure 4(b) shows the measured shear-drift response. Compared with specimen CC-3.3-20, specimen UC-1.6-20 showed reduced postcracking stiffness and increased yield deformation. First yield of the longitudinal reinforcement occurred between 1.39% and 1.44% with a mean of 1.41% (Table 4 ). The north column completed the first half-cycle to 5% drift, but the longitudinal bars buckled during the second half cycle at that drift ratio. Testing was continued, and the remaining longitudinal bars buckled at a drift ratio of about 2% during the second cycle to 5% drift. Again, a plausible explanation is that the longitudinal bars carried a larger fraction of the axial load at low drift ratios when cracks were still open.
Specimen UC-1.6-20F had similar properties to specimen UC-1.6-20, with the exception that the concrete matrix consisted of HPFRC. The spacing of the transverse reinforcement was nearly doubled to evaluate the influence of HPFRC in shear strength, confinement, and bar buckling. Figure 4 (c) shows the measured shear-drift response. The drift ratio at first yield of the longitudinal reinforcement varied between 1.28% and 1.55% with a mean of 1.42% (Table 4) , which is similar to the yield drift of specimen UC-1.6-20, but the yield force in UC-1.2-20F was 8% greater.
The HPFRC column specimen was the only column (with axial load of 0.2 f c A g ) that successfully completed the 12-step loading protocol. The fibers were effective in reducing the amount of spalling of the concrete cover and providing lateral support to the longitudinal reinforcement. Unlike specimens CC-3.3-20 and UC-1.6-20, the reinforcement in specimen UC-1.6-20F did not buckle. However, in the final push, one of the longitudinal bars fractured in tension at a drift of about 3%. Adding fibers changed the mode of failure from buckling of the compression bars to fracture of the tension bars. It is important to note that the measured fracture strain, ε su , of the bars in specimen UC-1.6-20F was 8.6% (Table 1) , the lowest of the bars tested.
To reduce the vulnerability of bar fracture, reinforcing bars with ε su greater than 10% are recommended in HPFRC applications as suggested by the stable response of the beam specimens through drift ratios of 10%. In any case, specimens reached drift ratios of 5% or greater, well in excess of what would be expected for a modern building structure subjected to strong ground motions.
Stiffness Comparisons
Stiffness characteristics for the test specimens are inferred from the measured shear versus drift curves ( Figures 3 and  4 ) with special emphasis on secant stiffness to first yield, postyield stiffness, and unloading stiffness. The shear force and drift ratio associated with first yield of the longitudinal reinforcement are presented in Table 4 . The reported secant stiffness to first yield for each specimen corresponds to the average of the measured yield for the north and south ends of each specimen and for the positive and negative direction of loading (see Figure 9 ). For clarity, the measured response in Figure 9 only includes data through the end of step 8 controlled by the north beam. The yield points identified in Figure 9 were obtained from strain gages placed on longitudinal bars at the locations of maximum moment (at opposite faces of the loading stub). The yield strain was defined using f y /E s , where f y was based on the 0.2%-offset method as reported in Table 1 .
It is important to recognize that there is no consensus about the definition of yield displacement. The definition used here was chosen simply because it was convenient. It is clear that the 0.2%-offset rule was not defined having estimation of hysteretic response in mind. It is also known that the displacement associated with strain-gage readings approaching the yield strain tends to be smaller than the displacement associated with yielding of the specimen [19] .
Beam Specimens.
The secant stiffness to first yield of specimen UC4-X was about 3/4 of the stiffness of specimen CC4-X and about 7/8 of the stiffness of specimen UC2-F 8 Advances in Civil Engineering (see Table 4 ). After yielding, specimen CC4-X showed a small increase in flexural strength while specimen UC4-X had a nearly flat postyield shear-drift curve resembling the stress-strain curve of the rebar (Figure 1 ). The conventional Grade-410 bars are characterized by a tensile-strength-toyield-strength ratio ( f u / f y ) of 1.5, while the AHSS Grade-670 bars have a ratio of 1.2. The hysteretic energy dissipated in specimen UC4-X during a given postyield hysteretic loop was smaller than the energy dissipated in the same cycle for specimen CC4-X. With the use of HPFRC in specimen UC2-F, the amount of energy dissipated increased when compared to specimen UC4-X. At each cycle, the secant slope of the shear-drift curve, measured from peak drift to zero shear (unloading stiffness), was about 20% higher in specimen UC2-F than in specimen UC4-X.
Column Specimens.
The secant stiffness to first yield of specimens UC-1.6-20 and UC-1.6-20F was about 1/2 of the stiffness of specimen CC-3.3-20, see Table 4 . The effect of HPFRC on the stiffness of the column was small. After yielding, specimens UC-1.6-20 and UC-1.6-20F (with Grade-830 bars) showed a small increase in flexural strength and reached peak shear near 3% drift while specimen CC-3.3-20 reached peak shear near 1.5% drift. The hysteretic energy dissipated during a given postyield hysteretic loop was smaller in specimens UC-1.6-20 and UC-1.6-20F (with Grade-830 bars) than for specimen CC-3.3-20 (with Grade-410 bars). At each cycle, the secant slope of the shear-drift curve of specimens UC-1.6-20 and UC-1.6-20F, measured from peak drift to zero shear (unloading stiffness), was about 1/2 of that for specimen CC-3.3-20.
Calculated Seismic Response
The experimental results in Section 4 show that for the beams reinforced with Grade-670 bars, the secant stiffness to first yield is about 3/4 of that for beams reinforced with Grade-410 bars, see Table 4 . For columns reinforced with Grade-830 bars, the secant stiffness to first yield is about 1/2 of that for columns reinforced with Grade-410 bars.
Advances in Civil Engineering This section investigates how changes in the hysteretic response of RC members, due to the use of Grade-410 reinforcement versus AHSS reinforcement (Grade 670 or Grade 830), affect the displacement demand in single-degreeof-freedom (SDOF) systems subjected to strong ground motions.
Properties of SDOF Systems.
Three groups of six SDOF systems were selected. Each group represented reinforced concrete with a different type of reinforcement: Grade 410, Grade 670, and Grade 830. The Grade-410 systems included three different periods of vibration (T = 0.6, 0.9, and 1.2 s) and two strength ratios (SR = 1/3 and 1/6). The strength ratio measures the ratio of the maximum force induced in a nonlinear SDOF system to the maximum force induced in a linear SDOF system. The target design spectrum, defining the linear-response demand, was based on S DS = 1.0 and S D1 = 0.75 as defined in ASCE/SEI 7-10 [20] . The properties of the SDOF systems considered are described in Table 5 . Note that the Grade-670 and Grade-830 systems were patterned after the Grade-410 systems using equivalent strength but with reduced stiffness as indicated by the difference in periods of vibration.
The force-displacement relations that characterize the SDOF systems are based on a simplified version of the Takeda hysteresis model [21] , as shown in Figure 10 . The model is defined by four parameters: the initial stiffness, K y ; the yield strength, V y ; the postyield stiffness, K py and the unloading stiffness coefficient, α. The modified Takeda model adopted here is based on a bilinear primary curve where the initial uncracked stiffness is ignored. This model can produce displacement waveforms very similar to that of more elaborate models [22] . The stiffness of the model is K y , until the force exceeds the yield force V y . The postyield stiffness is defined here as 5% of the initial stiffness. The stiffness K u , during unloading from a point of maximum displacement (see Figure 10 ) is defined using
A value of α = 0.4 is assigned to the Grade-410 systems, and α = 0.5 is used to represent the Grade-670 and Grade-830 systems. The selected values are in agreement with the beam data presented in Figure 11 , where for CC4-X the value of α approaches 0.4 for D max /D y between 4 and 5, while for AHSS-reinforced members the value of α is about 0.5 for D max /D y between 3 and 4. The data in Figure 11 correspond to the average value of α (average for the positive and negative direction of loading) derived from the available measured response during the second cycles of steps 9 through 12 (see Table 2 ). The data associated with steps 9 and 10 were excluded for specimen UC2-F because during these steps the test deviated from the loading protocol. The value of α for specimen UC2-F was similar to that of UC4-X because at step 11 localized fiber pullout had occurred. Figure 11 suggests that the value of α for columns is nearly insensitive to the steel grade. The viscous damping assigned to the SDOF systems is based on a damping coefficient of 5%, assumed constant (mass-proportional damping) during the calculated nonlinear response. The β-Method by Newmark [23] , with β = 1/6, was used to evaluate the dynamic response.
Ground Motions and Scaling.
The SDOF systems were subjected to the suite of 10 strong-motion acceleration records described in Table 6 . The selected ground motions are representative of major earthquakes in the United States. These earthquake records were obtained from the Center for Engineering Strong Motion Data (CESMD) [24] . The CESMD is part of the California Strong Motion Instrumentation Program (CSMIP) and may be found at http://www.strongmotioncenter.org. Although the recorded raw data are made available by the CESMD, the data used here correspond to the processed (corrected) ground accelerations.
Each of the earthquake records was scaled linearly to a peak ground velocity of 508 mm/s (20 in./s). The 5%-damped linear-response acceleration spectra for the 10 records after scaling are presented in Figure 12 . The figure shows that the average of the spectral accelerations, in 
Displacement Response
Comparison. The calculated maximum displacement will be generally larger for the SDOF systems representing Grade-830 and Grade-670 reinforced structures because of their lower initial and unloading stiffnesses. Figure 13 compares the calculated maximum displacement of the Grade-670 systems with those of the Grade-410 systems when subjected to the suite of 10 earthquake records. The mean for the ratios of the maximum displacement of the Grade-670 systems to the maximum displacement of the Grade-410 systems was 1.13 with a coefficient of variation of 0.13. Similarly to Figure 13 , the data in Figure 14 show the comparison of calculated displacement maxima of Grade-830 systems with those of Grade-410 systems for the same suite of ground motions. The mean for the ratios of the maximum displacement of the Grade-830 systems to the maximum displacement of the Grade-410 systems was 1.28 with a coefficient of variation of 0.23. The ratios reported in Figures 13 and 14 should be considered as upperbound estimates of the increase in displacement demands for moment frames where the reinforcement is replaced with reinforcement of higher grade while maintaining the member cross sections. These estimates were obtained ignoring the effects of initial uncracked stiffness on hysteretic response. Otani [22] has shown that these effects are not always negligible.
Numerical simulations by Rautenberg [8] of multistory concrete frames under strong ground motions have indicated that models of frame buildings with columns reinforced with Grade-830 longitudinal steel and beams reinforced with Grade-410 steel produced roof drifts 1.03 times larger (on average) than the roof drifts computed for models of buildings with columns reinforced with twice as much Grade-410 longitudinal steel. This is because in seismicresistant frames, a relatively larger number of plastic hinges form in the beams than in the columns. Additional studies are underway to evaluate the nonlinear seismic response of multistory frames where both beams and columns are reinforced with AHSS.
Summary and Conclusions
Observations on the nonlinear cyclic response of concrete frame members reinforced with advanced high-strength steel (AHSS) are summarized as follows.
(1) Replacing conventional Grade-410 longitudinal reinforcement with reduced amounts of AHSS reinforcement maintained flexural strength and did not decrease the usable member deformation capacity. The tested beams tolerated drift ratios in excess of 10% without failure while the column specimens tolerated drift ratios of 5% before failure. Column failures in RC specimens were due to buckling of the longitudinal reinforcement while failures in HPFRC specimens were due to fracture of the longitudinal reinforcement.
(2) Increasing the spacing of Grade-410 transverse reinforcement from d/4 in RC specimens to d/2 in HPFRC specimens, did not reduce the member deformation capacity.
(3) Reducing the amount of longitudinal reinforcement while increasing the yield strength of the reinforcement decreased the postcracking stiffness and increased the yield deformation of the member, leading to a reduction of the area inside the loaddeformation hysteresis loops. Reductions in the amount of longitudinal reinforcement achieved by reducing bar diameter may lead to increased vulnerability to bar buckling.
(4) Nonlinear seismic analyses of SDOF systems with identical strength indicated that the mean ratio of calculated maximum displacements for systems representing RC with AHSS reinforcement to those calculated for RC with conventional Grade-410 reinforcement were about 1.1 for Grade-670 systems and 1.3 for Grade-830 systems.
These observations suggest that AHSS reinforcement is a viable option for frame members in earthquake-resistant construction. Additional studies are needed to investigate the nonlinear seismic response of multistory concrete frames reinforced with AHSS bars.
